The possibilities of obtaining a good process control in order to reach a good cleanliness of the steel were studied based on plant trials. Steel and slag samples were taken from two steel grades with a slightly different composition, but with similar processing conditions. Thereafter, the chemical compositions of the steel and slag samples were determined. The results show that the sum of the FeO and MnO was found to be a clear indicator for when reoxidation had taken place. No conclusive indicator was found to predict the extent of slag carry-over from the electric arc furnace. However, most of the variation in deoxidation seem to originate from the accuracy of the slag raking. Steel grades with low amounts of deoxidisers such as C and Si naturally were found to result in higher oxygen contents at the start of deoxidation. Furthermore, calculations of oxygen activities in the steel melt were made and the results were compared to measurements with varying results. Overall, the results indicate that calculation of oxygen activities with multivalence slag species such as Fe and Cr requires additional measurements to obtain accurate results.
Introduction
The steelmaking process is and has always been characterised as a process, which continuously needs to be improved. One reason is that the demands from the customers of an increased cleanness continuously becomes more stringent, in order to obtain improved material properties. Another reason is that steelmaking of high-alloyed steel grades represents a task that not always can be theoretically predicted. For example, it might be difficult to carry out thermodynamic calculations due to lack of experimental data for these systems in order to verify the theoretical predictions. Thus, in general it is important for steel makers of high-alloyed steel grades in particular, to improve the processes based on plant experiments as well as based on new theoretical knowledge, in order to stay competitive in the global market.
Since the start of steelmaking a continuous development of the best process practice has been ongoing. Major milestones have been the introduction of the basic oxygen furnace (BOF), Bessemer process, open hearth furnace, electric arc furnace (EAF), uphill casting, continuous casting and vacuum treatment. Later, the development focused on improving the already existing process route such as improving the ladle refining process which is the focus of this paper.
In this paper the focus is oxygen activity and aluminium content based on plant trials. Here, it should be stated that the work by Wijk focusing on inclusion engineering has served as an inspiration for or research group and many other researchers [1] . In 1995, he reported the importance to control the amount, size, size distribution and composition of non-metallic inclusions in order to reach optimum steel properties to obtain a steel performance within tight specifications. Since then our group has carried out many studies focusing on determining how the inclusion characteristics vary during ladle treatment, based on plant trials [2] [3] [4] [5] [6] . Plant trials have also been made to study the following aspects of ladle refining operations: i) the effect of deoxidation praxis and ferroalloy additions on the inclusion characteristics [7] [8] [9] , ii) the influence of the slag on the inclusion characteristics and sulphur content [10] [11] [12] [13] , iii) the influence of stirring on the inclusion characteristics [14] [15] [16] [17] and the influence of sampling on determining the inclusion characteristics in process samples [18] [19] [20] [21] .
The current study has been made at Uddeholms AB and is mainly focusing on the production route and its properties. During the last decade many studies have been made at Uddeholms AB looking at the ladle treatment where the main focuses have been the inclusion characteristics and their formation [22] [23] [24] [25] [26] [27] as well as the removal of hydrogen [28] [29] , and the main steel grade investigated in these studies is presented in this study as steel grade A. Hence, only one heat of this steel grade is presented since it has been shown that this steel grade is very consistent in the process. It is known that these two steel grades, namely grade A and B, have a similar process route and somewhat different chemical steel compositions, but large difference in the dissolved oxygen content. The specific focus in this study is to compare how the steel characteristics differ between two different steel grades, hence indicating how the dissolved oxygen content may follow.
Theory
Steel cleanliness can be defined in many ways. However, in general a steel grade is considered to be clean if it contains low levels of oxygen, sulphur, nitrogen and hydrogen. Moreover, if the total oxygen content is low the oxygen inclusion content also can be kept low [30] . This is highly desirable for most steel grades since inclusions generally have a negative effect on most mechanical properties. The lowering of the total oxygen in the steel is initiated by the addition of a strong deoxidiser. More specifically, by the addition of an element which has a high affinity to oxygen according to the Ellingham diagram. Thereafter, the element will react with dissolved oxygen under the formation of an oxide according to the following reaction:
where Me is a strong oxidiser, O is the dissolved oxygen, and MeO is the oxide. In industry, the strong deoxidiser Me could be Si, Al, Ti and C. However, in some cases, there are steel grades where an element can act both as an alloying element and a deoxidiser, such as in the case of Mn.
When considering the sulphur content, many studies have been made to investigate the best practice [31] [32] [33] . Normally desulphurisation is discussed in combination with oxygen content. However, in this study the influence of sulpur refining on the aluminium content will be in focus. The desulphurisation reaction may be described as follows:
Hence, the dissolved sulphur is removed to the slag and the dissolved aluminium has formed alumina inclusions. However, it is not only the desulphurisation which causes the aluminium to be lowered during refining. According to Andersson et al. [34] it is stated that during vacuum treatment FeO, MnO and SiO 2 are being reduced by aluminium. Thus, the dissolved aluminium reacts with these oxides, which leads to a decrease of the dissolved aluminium content in the steel. This can be exemplified with the following reaction:
Process description
At Uddeholms AB, the steel making process is scrap based. In the first part of the process, an electric arc furnace (EAF) of a 70 tonnes capacity is used to produce nearly finished steel with respect to the chemical composition of steel. After tapping into a ladle, the steel is deslagged. Then, a new synthetic slag is added together with deoxidisers and the remaining alloying adjustments. When the steel has the right temperature and chemical steel composition, the ladle is transferred to the vacuum degassing station where the steel undergoes its last treatment. During the whole process the steel is stirred by induction stirring. Furthermore, in the vacuum degassing station argon is used in combination with induction to create a strong stirring. The prescribed process routes for the two steel grades in this study are almost the same. More specifically, in the EAF the starting material is recycled scrap of the specific steel grade. Thereafter, the treatment in the following steps uses the same route, namely refining in a ladle furnace (LF) followed by a vacuum degassing (VD) treatment. More specifically, the same amount of deoxidisers, synthetic slag and vacuum degassing time are used. The major difference, apart from the chemical steel composition is the casting temperature, which differs by 30 degrees.
Experimental work
Steel and slag samples were collected and the dissolved oxygen content in the steel was measured in the ladle. Specifically, a Celox lance was used to measure the dissolved oxygen. The samples were taken at five different process steps during the refinement of steel in the ladle, as shown in Figure 1 . The labelling of the samples corresponds to the following definitions: i) BD: a sample taken a short time after the steel has been tapped into the ladle, before a deslagging of the electric arc furnace slag, ii) AD: a sample taken after a deslagging of the electric arc furnace slag, iii) DH02: a sample taken after the first (and maybe the only) addition of alloying elements, iv) BV: a sample taken before vacuum treatment, and v) AV: a sample taken after vacuum treatment.
Thermodynamic calculations
Thermodynamic calculations were made by using Thermo-Calc (TC) [35] . The calculations of the equilibrium oxygen activity considering the steel melt/top slag equilibrium were done by using two sets of different databases, namely the TCFE8+SLAG2 and TCOX5 databases [36] [37] [38] [39] . Only the major alloying elements were considered during the calculations. Also, the determined chemical steel composition was used together with the total oxygen content as input to the calculations. However, the Fe content was calculated as 100% minus the sum of the alloying elements. Also, the slag was first assumed to consist of stoichiometric oxides corresponding to the determined chemical slag composition. However, a comparison was made using the measured oxygen activity in the steel to set that as a condition for oxygen and make a calculation of the equilibrium between steel and slag. This was done to estimate the validity of the first assumption. Tables 1-4 show the chemical compositions of steel and slag. The values are presented and discussed in the following text. The two steel grades are denoted as A and BX, where X is the heat number of steel grade B. In some figures, not all heats are shown. This is due to that some values were judged to be extreme or due to that they were missing. Figure 2 presents the carbon content in the steel during the different process steps. As can be seen, the content in two steel grades differs greatly. Thus, this may also cause the steel grades to behave differently during the different process steps during ladle refining. The A-steel has almost four times as high carbon content as the B-steel. When producing the steel grades used in this study only internally recycled scrap is used in the EAF. Hence, it is of interest to keep the existing valuable alloying elements in the steel melt without oxidising them. Thus, practically this removes the possibility to reduce the carbon content in the melt by an oxygen blowing procedure. As a direct result of this, the alloy additions used in the following process step, the ladle furnace, need to have low carbon contents. This can be seen in Figure 1 , where the change in carbon content for steel grade A is due to that the carbon content increases due to that carbon is being added through alloy additions containing carbon. But for the B-steel, no or little change of the carbon content can be seen.
Results and discussion

Carbon content
Carbon has a high oxygen affinity and is therefore a fairly strong deoxidiser at these temperatures. As a consequence, a low-carbon steel grade does not have as low dissolved oxygen content, when it is tapped into the ladle, compared to a high carbon steel grade. According to reaction 1, not enough carbon is available to deoxidise all oxygen present in the steel for a low-carbon steel grade. This may cause problems with the aluminium content later on in the process. If too much oxygen is left in the steel after desulphurisation (reaction 2), it will react with aluminium, as seen in reaction 3. Hence, for the B-steel which has a low carbon content it is plausible to find problems to maintain a stable as well as a predictable aluminium content throughout the remaining ladle refining process.
Silicon content
The silicon content in the studied heats and at different process steps is shown in Figure  3 . Similar to carbon, silicon also has a high oxygen affinity. Thus, silicon is also a strong deoxidiser. As can be seen in Figure 3 , the A-steel has an almost five times higher silicon content than the B-steel. Thus, the same way of reasoning may be applied for silicon as for carbon concerning the oxygen content in the steel. Hence, as the silicon content is increased the total oxygen content is decreased (shown as the total oxygen index). This can be seen in Tables 1 and 2 . More specifically, the oxygen activity index is much higher for steel grade B than for steel grade A. In addition, if the content of silicon in the steel is too low it may result in high total oxygen contents if no other deoxidisers are present. The dissolved oxygen can later on react with aluminium under the formation of alumina inclusions (reaction 3). Figure 4 shows the variation of the aluminium content in the different process steps. The results may be interpreted as if there have been different additions of aluminium to the heats after the AD sampling. However, as seen in Table 5 , the additions are fairly similar, namely 60 to 75 kg (95 kg is an extreme case). Also, when looking at the other alloys being added, which represent an addition of oxygen to the melt, the quota of kg aluminium versus the mass of alloys is within the same range for almost all of the heats. More specifically, the quotas are ranging from 2.0 to 2.6 wt-%, with one exception where the value is 0.9 wt-%. Hence, something else than the alloy addition cause the aluminium contents to vary between the different heats. Malmberg [27] has reported that increased amounts of slag during ladle refining leads to increased oxygen activities. This, in turn, leads to decreased dissolved aluminium contents in the steel. This is due to that aluminium is consumed when it reacts with dissolved oxygen to keep the dissolved oxygen value at an equilibrium content, which is determined by reaction 3. However, according to Figure 4 the effect of the slag amount on the aluminium content may only apply during the ladle treatment. This is due to that during the vacuum treatment process step (AV) it is seen that the aluminium content has reached almost the same level for all studied heats. This is due to that the oxygen content is very low in the atmosphere above the steel bath, which minimises the chances for reoxidation of the steel bath. Moreover, the stirring is very intense during vacuum degassing. This promotes a homogenisation of the composition in the steel bath, a separation of inclusions, and an intense mixing between the slag and the steel. Previous research has shown that a thermodynamic equilibrium between slag and steel with respect to sulphur may be obtained [40] . In addition, it has been seen that the composition of inclusions in the steel comes closer to the composition of the top slag. This could indicate that some sort of equilibrium between the top slag and the steel is being approached [13, 25] and/or that the top slag has been dispersed into the slag during the intense stirring. Thus, it is not strange that similar aluminium contents are reached in the different heats after a completed vacuum treatment, since these contents most likely are controlled by a steel/slag equilibrium that has been reached [41] . A recent investigation [40] has shown that less aluminium is maintained in the steel when a poor deslagging has been made. This can be seen when comparing the two steel grades in this study. In the case of steel grade B, a thin layer of slag remains after the completed deslagging operation. This will lead to a loss of aluminium in the steel, due to a reaction between the deoxidizer and the slag.
Aluminium content
Oxygen activity, total oxygen index
The oxygen activity (a O ) at different process steps is presented in Figure 5 . What is noticeable in this figure is that heat B2 has a very high oxygen activity (a O ) compared to the other heats, in the beginning of the ladle refining process. This may be due to the high amount of scrap that was added late in the electric arc furnace process for heat B2. In Figure 6 , the total oxygen index (O tot ) (total oxygen content at a specific time)/(maximum measured total oxygen content in this study) shows a scattered pattern in the beginning of the ladle treatment process. However, throughout the process the total oxygen index is lowered to a similar level for all studied heats. Specifically, the A-heat obtains an oxygen index (O tot ) of 0.05 and the B-heats obtain values between 0.02 and 0.08. This is an evidence of that the deoxidation operations has been successful in all cases. Figure 7 shows the sulphur content in the steel and slag throughout the ladle treatment for the A-heat and two B-heats. The two B-heats were chosen due to that their aluminium contents before vacuum degassing were high and due to that data were available for all process steps. In this figure it can be seen that the final sulphur content is the lowest for steel grade A (0.0003wt-%), which may be explained by the higher aluminium content. More specifically, it is possible to reach low dissolved sulphur contents if the oxygen activity is low (reaction 2). This, in turn, is determined by the equilibrium with aluminium (reaction 3), which is the strongest deoxidiser present in the steel grade. This can also be seen from the different sulphur contents in the slag, where the highest value can be found in the A-heat. Most of the sulphur removal is made during the vacuum treatment, by a vivid reaction between slag and steel caused by the strong stirring. Since the two studied steel grades have the same vacuum treatment time, the degassing time should not be the cause for the different sulphur removal results. However, as mentioned earlier, thermodynamic conditions cause differences in sulphur levels. Specifically, high aluminium contents lead to low oxygen activities. This, in turn, leads to low sulphur levels as seen in figure 8 . For the A-heat the oxygen activity level is low, the sulphur level is low, and the aluminium content is high. For the B-heats, the sulphur contents are higher and the aluminium contents are lower than for the A-heat. This may be the cause for the higher measured oxygen activity for the B-heats in comparison to the A-heats.
Sulphur content
FeO+MnO content
In figure 9 , the sum of the FeO and MnO contents in the slag is plotted versus the aluminium contents, for values representing the process step DH02. It is seen that the FeO+MnO content is very high, >20 wt-%, and that the aluminium content is very low, <0.010 wt-% for heat B2. This may be caused by two different things. Firstly, there was an extra addition of scrap very late in the electric arc furnace process. This rendered a larger amount of slag in the electric arc furnace as well as an extra addition of oxygen to the steel. Secondly, the deslagging process at the ladle station may have been poorly done. In the figure it can be seen that a lower FeO+MnO content in the slag results in a higher aluminium content in the steel. This is due to that the following reoxidation reactions can be minimised: Figure 10 shows the FeO+MnO content in slag versus the sulphur content in the steel. Steel grade A (marked in the figure) has the lowest FeO+MnO values for respective process step. At process step BD, the electric arc furnace slag is still in the ladle. Due to the high manganese content in the B-steel, the slag has been enriched in MnO during the electric arc furnace treatment, see Table 4 . If the values of process step BD are neglected in Figure 11 , it can be seen that a lower FeO+MnO content in the slag corresponds to a lower sulphur content in the steel. Furthermore, that the A-steel has a lower FeO+MnO content and a lower sulphur content than the B-steel during all process steps.
CaO content
The CaO in slag versus the aluminium content in the steel is presented in Figure 12 . In this figure, the A-heat has been marked to clearly separate the results from the different B-heats. At process step BD, all steel samples have very low aluminium contents. This is due to that no aluminium deoxidation has been done at this process step and due to that the CaO content is still low, namely less than 40 wt-% (electric arc furnace slag). It is also seen that the aluminium content decreases with the process time for all heats. In addition to this, the A-heat has the highest aluminium content in the steel as well as the highest CaO content in the slag for all process steps. However, since the slag addition is the same for all heats the composition should not differ. One reason for the difference may be a poor deslagging operation. According to the operators, the EAF slag is typically not completely removed during the deslagging for steel grade B. This is due to that the slag properties make it difficult to perform a successful deslagging operation for this steel grade, the EAF slag of steel grade B behaves slippery at the end of the deslagging process and therefore the rake is not able to catch the pools of slag left in the ladle. Since the EAF slag of steel grade B has a high FeO+MnO content as well as a high Cr 2 O 3 content, the new added slag will not have the same CaO-content as the slag used for steel grade A.
MgO content
In figure 13 , the MgO-content in slag for different process steps is shown. No significant difference between the heats or the steel grades is seen. The only thing that can be seen is that the MgO-content for heat B5 increases greatly during the process. The difference between heat B5 and the other heats is that it has a somewhat higher Si-content in the steel. Since manganese may be aggressive to refractories, studies [42, 43] have been made to investigate the possibility of high MnO-slags to react with the refractory. It has not been verified that MnO may cause an exceeding erosion of the refractory. However, another aspect not taken into account may be the age of the ladle. Specifically, it is necessary to consider if the ladle wear is high or if the ladle is new. In the case of heat B5 the ladle is fairly new, namely the ladle has only been used for 3 heats. One way of detecting refractory loss is to monitor the MgO content in the slag [44] . Usually it is necessary, from the beginning of the process, to have approximately 12-14wt-% MgO in the slag to keep it from being too aggressive. More specifically, if the MgO content is too low there will be a large driving force for a reaction between the basic slag and the MgObased refractory lining.
SiO2 content
The SiO 2 content in slag is shown in Figure 14 . As can be seen, the SiO 2 content is at its highest in sample BD for all heats. This is due to that the EAF-slag contains lots of SiO 2 , since silicon is used to reduce the EAF slag during tapping. When the new synthetic slag is added, the SiO 2 content remains constant throughout the rest of the process (10 wt-%) for heat A. When looking at the SiO 2 content for the B-heats, it can be seen that the content varies during the ladle process. The SiO 2 content in the new synthetic slag for the B-heats is also higher (12-18 wt-%) than for the A-heat. This should not be the case, since the same addition of new slag is made. One reason that causes a different SiO 2 content could be a difference in how successful the deslagging operation was performed. This carry-over slag is high in SiO 2 , which will influence the top slag composition after that a synthetic slag has been added in the ladle). Therefore, an attempt to make the same analysis as reported by Doostmohammadi et al. [26] was carried out. The results indicated that the slag carry-over was approximately five times larger for the B1 grade in comparison to the A grade. However, for the remaining B-heats the slag carry-over became negative, which indicates that the slag amounts can vary greatly during production. This can also be seen from the varying CaO concentrations, despite that similar CaO additions are being made during the ladle treatment.
Oxygen activity calculations
The calculations of the oxygen activity for steel grade A is seen in Figure 15 . For the sample BD, the difference between the two calculations (two different databases) and the measured value is not so large. Specifically, the calculated value is approximately 60 to 90% of the measured activity. This is also visible in Figure 16 (however for an opposite relation, where the calculated value is higher than the measured value), where the calculated oxygen activities for steel grade B are shown. However, when looking at the sample BV the difference between the two calculated values and the measured values is far greater. Specifically, the calculated value is 15% of the measured value for steel grade A and some calculated values as low as 30% of the measured values for steel grade B. The same is seen for sample AV, where the calculated value for steel grades A and B are approximately 30% and 20-40% of the measured value, respectively. The discrepancy between the calculations and the measured values could be due to that the steel comes in contact with the surrounding air during the deslagging operation (between BD and BV, see Figure 1 ). Hence, it is possible that the dissolved oxygen content is increased due to a reoxidation caused by reactions with oxygen in the air. This has not been taken into account when calculating the oxygen activities for the latter process steps. Another parameter that may affect the outcome of the calculations is the variation of the dissolved oxygen content in the steel. As seen in Table 6 , the oxygen activity before deoxidation (BD) varies between 108 to 273 ppm for steel grade B. Thereafter, the values have less variation, namely 6 to 23ppm. It is also noticed in Figure 15 that the measured oxygen activity for process step BD is lower than that of the calculated value. However, in all other cases the situation is the reverse. The relative deviations can readily be represented by the results presented in Figure 17 , by comparing the calculated oxygen activities to the Celox measurements. Note, that the relative error is small for sample BD compared to the BV and AV samples. According to the data of Celox probes [45] , the standard probe Celox Al should not be used for temperatures below 1570°C. In the case of samples taken at BD, the temperatures are in the lower range of the given temperature interval for this probe. Furthermore, at sample AV the temperatures were in the range of 1550-1600°C. Thus, most of the measurements were lower than the given range of the temperature interval for the Celox probe. If the measured uncertainties are assumed to be small and the measured values are taken to be close to the actual oxygen activity, these values can be set as a condition for the oxygen activity. Figure 18 illustrates a comparison between the original calculations to these "measured" calculations for an activity of FeO in the liquid slag. Similar to the results in Figure 17 , the relative error of sample BD is smaller than for the BV and AV samples. One interpretation of this result is that the available oxygen in the system is poorly estimated due to the use of the assumption that multivalent species, such as Fe and Cr, only are present in a single valence state, e.g. Fe 2+ and not as a mixture of Fe 2+ and Fe 3+ . Therefore, the Fe 2+ /Fe 3+ ratio should ideally be measured to make a more certain conclusion. Furthermore, future studies should also be made to determine to what extent the Celox measurements can be used to predict the liquid slag state.
Conclusions
The present paper discusses the process control during ladle refining in order to produce a clean steel grade. A special attention is given to the variations of the oxygen and aluminium contents in the steel. The study has been done based on plant trials for two different steel grades, but with similar process treatments. Overall, it was found that the deslagging and deoxidation processes are of great importance to control in order to make a clean steel. If the deslagging operation is not carried out in an appropriate manner, the steel will have a lower Al-content and hence a higher O-content.
The most specific conclusions from this study may be summarised as follows: -Low contents of deoxidisers such as C and Si makes it difficult to keep a low dissolved oxygen content in the steel, which is reflected in a low aluminium content during the beginning of ladle treatment. -The oxygen activity and total oxygen varies throughout the process, but stabilises to similar levels at the end of ladle treatment for all heats -The study confirms the well-known fact that the dissolved oxygen content in the latter part of the process controls the possibility to reach a successful desulphurisation. Comparing two different steel grades with similar process routes with regard to desulphurisation shows, that the aluminium loss corresponds to an increased dissolved oxygen content caused by the desulphurisation reactions. -A lower FeO+MnO content in the slag indicate that less reoxidation has taken place, which increases the possibilities to control the aluminium content. Thus, a careful deslagging operation is important to reach a stable aluminium content and a small reoxidation. -Calculations of oxygen activity show that the results do not differ much depending on which set of database was used. However, when compared with measured values, the predicted values are 60 to 150% and 15 and 100% of the measured values for the BD-samples and for the BV-and AV-samples, respectively. This is most likely due to the assumption that all oxygen can be summed up as assumed stoichiometric oxides and as a consequence the true oxidation state is not taken into account.
It is the authors' strong belief that it is necessary to implement techniques to control and limit the amount of slag that is transferred from the EAF to the ladle in order to improve the cleanliness of the steel in the future. For example, it could be very helpful to use an IR-camera to determine the remaining slag amount after a completed deslagging operation. Thus, the remaining ladle refining process could be adjusted based on this amount of furnace slag as well as the use of oxygen activity measurements, in order to reach the desired clean steel demands. 
